| 3355
SUGIOKA And SAITO (P2Y 1 , 6 , 11-14 ) are expressed in the brain (Burnstock, 2003; Verkhratsky & Krishtal, 2010) .
The prepositus hypoglossi nucleus (PHN) is recognized as an oculomotor neural integrator, in which transient signals that are proportional to eye velocity are transformed into sustained signals that are proportional to eye position for gaze holding (Fukushima & Kaneko, 1995; Fukushima, Kaneko, & Fuchs, 1992; McCrea & Horn, 2006; Moschovakis, 1997; Robinson, 1975 Robinson, , 1989 . According to a previous study using immunohistochemical staining, P2X 1 -P2X 6 receptor subtypes are expressed in the PHN, and P2X 2 and P2X 6 subtypes are expressed at higher levels than the other subtypes (Yao, Barden, Finkelstein, Bennett, & Lawrence, 2000) . This finding indicates that the activity of PHN neurons is modulated by ATP; however, no electrophysiological studies have examined how ATP affects PHN neuronal activity. Clarifying this issue may provide additional clues for the signal transformation in the neural integrator. Therefore, in this study, we investigated whether ATP affects PHN neuronal activity using whole-cell recordings in rat brainstem slice preparations. Furthermore, the P2X and P2Y receptors that were expressed in PHN neurons were characterized by investigating the current responses to the agonists of P2 receptors.
| MATERIALS AND METHODS
All experimental procedures were approved by the Animal Care Committee of Nara Medical University, and the experiments were carried out in accordance with the Guidelines outlined by the US National Institutes of Health (NIH) regarding the care and use of laboratory animals for experimental research. Every effort was made to minimize suffering and the number of animals used in this study. A total of 58 rats (Long-Evans and Wistar) of both sexes were used in this study. We did not observe any differences in neuronal properties between Long-Evans and Wistar rats.
| Slice preparation and whole cell recording
The procedures for slice preparation and whole cell patchclamp recordings were similar to those previously described (Zhang, Kaneko, Yanagawa, & Saito, 2014; Zhang, Yanagawa, & Saito, 2016) . Briefly, rats [18-21 postnatal days (PND)] were deeply anesthetized with isoflurane and decapitated. The adequacy of anesthesia was judged by the absence of reflex movements to toe pinches. The brain was quickly removed from the skull and placed in an oxygenated ice-cold sucrose solution containing (in mM) 234 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 26 NaHCO 3 , and 11 glucose. Frontal slices (250 μm thick) including the PHN were cut using a microslicer (Pro 7; Dosaka EM, Kyoto, Japan). After incubation in an extracellular solution containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 25 glucose and aeration with 95% O 2 and 5% CO 2 (pH 7.4) for more than 1 hr at room temperature, each slice was transferred to a recording chamber on an upright microscope (Leica DM LFS; Leica, Wetzlar, Germany) and continuously perfused with the extracellular solution at a rate of 2 ml/min. The bath temperature was maintained at 30-32°C, using an in-line heater (TC-324B; Warner Instruments, Hamden, CT, USA). Whole cell current-clamp and voltage-clamp recordings were performed via Nomarski microscopy, using an EPC-8 patch-clamp amplifier (HEKA, Darmstadt, Germany). Patch pipettes were prepared from borosilicate glass capillaries and filled with an internal solution containing (in mM) 120 K-methylsulfate, 10 KCl, 0.2 EGTA, 2 MgATP, 0.3 NaGTP, 10 HEPES, 10 Na 2 -phosphocreatine, and 0.1 spermine, which was adjusted to pH 7.3 with KOH. The osmolarity of the internal solution was 280-290 mOsm/L, and the resistance of the patch electrodes was 4-8 MΩ in the bath solution. The voltage and current signals were low-pass filtered at 1-3 kHz and digitized at 2-10 kHz. The calculated liquid junction potential of −5 mV was corrected. The data were acquired using a pClamp 9 system (Molecular Devices, Sunnyvale, CA, USA). Neurons with a membrane potential more negative than −50 mV immediately after patch membrane rupture were used for further analyses. In the recordings of spontaneous firing, we applied the drug and recorded spontaneous firing in the presence of the drug only when the spontaneous firing rate before the application of ATP or adenosine was constant for 3 min.
| Local application of the agonists
The local application of the agonists was performed via pressurized air (30 psi, 5 ms), using a pneumatic PicoPump (PV820; World Precision Instruments, Sarasota, FL, USA). A glass pipette was filled with the extracellular solution containing the agonists. The tip of the glass pipette was moved toward the soma of a recorded neuron and maintained at the position where current responses to the application of the agonists were not changed. The position of the pipette was assessed through a monitor connected to an infrared-sensitive CCD camera (C2741; Hamamatsu Photonics, Hamamatsu, Japan) that was mounted on an upright microscope. When current recordings were performed by the puff application of two distinct agonists to a neuron, two pipettes that were filled with distinct agonists were used serially. The second pipette was placed at the same position as the first pipette, confirming its location by the monitor. The neurons were routinely held at −75 mV (including the liquid junction potential) during the recordings. To monitor the series resistance during | SUGIOKA And SAITO the recordings, a short voltage pulse (−10 mV, 100 ms) was applied prior to the application of the agonists.
| Drugs
As described in the literature (Abbracchio et al., 2006; Burnstock, 2012; Jacobson, 2010; Khakh et al., 2001) , we used to the following agonist in addition to ATP and adenosine to examine the participation of the P2X, P2Y, and P1 receptors in current responses (the values (Burnstock, 2012) . ATP, adenosine, UTP, α,β-meATP, and DPCPX were purchased from Sigma-Aldrich (Tokyo, Japan), 2-meSATP and 2-meSADP were purchased from Tocris Bioscience, and suramin was purchased from Wako Pure Chemical Industries (Osaka, Japan). The drugs used for the bath application, except DPCPX, were dissolved in water (1,000 times the final concentration). DPCPX was dissolved in dimethyl sulfoxide (10,000 times the final concentration). These stock solutions were stored at −20°C before being diluted in the extracellular solution. The agonists used for the local puff application were dissolved in water and were stored at a concentration of 100 mM. The solutions were diluted to 1 mM with the extracellular solution before use.
| Data analysis
Off-line analyses were performed using Axograph software (Molecular Devices). The spontaneous firing rate during the application of ATP or adenosine was averaged every 1 min and was plotted against the time. The peak of the averaged firing rate during the application of each drug or each concentration of the drug was defined as its firing rate. The amplitudes of the agonist-induced currents were estimated by averaging the currents during 50 ms and 100 ms around their peaks in the fast and slow currents, respectively. When the amplitude of the ATP-induced current during the application of suramin was larger than that before its application, the percent reduction in the amplitude was estimated as zero. All values are reported as the means ± SD, and the error bars in the figures represent the SD. Statistically, the normally distributed data and the non-normally distributed data were analyzed using parametric (paired Student's t-tests) and nonparametric (Wilcoxon signed-rank test) tests, respectively. Data normality was determined using the Shapiro-Wilk test. Comparisons in multiple groups were performed using one-way ANOVA followed by the post hoc Scheffe test. Statistical significance was determined at the level of p < 0.05. StatView and JMP software (Hulinks, Tokyo, Japan) were used for the analyses.
| RESULTS

| Effects of ATP on spontaneous discharge
Our previous studies showed that most PHN neurons fired spontaneously (Saito & Yanagawa, 2013; Shino, Kaneko, Yanagawa, Kawaguchi, & Saito, 2011; Zhang et al., 2014) . Therefore, to clarify the effect of ATP on PHN neuronal activity, we investigated whether spontaneous discharges of PHN neurons were affected by ATP. We first applied a high concentration of ATP (500 μM) to highlight its effect. Figure 1 shows spontaneous discharges of two PHN neurons before and after the application of ATP (Figure 1a1 ,b1). The effects of ATP were different between neurons: there was an increase in the firing rate of one neuron ( Figure 1a2 ) and a decrease in the firing rate of another neuron ( Figure 1b2 ). The effects of 500 μM ATP on 24 PHN neurons were examined (Figure 1c, d , and open circles in Figure 2a2 ,b2). The input capacitance and input resistance were 67.6 ± 29.9 pF (29.1-126.4 pF) and 405.4 ± 251.0 MΩ (88.0-1032.3 MΩ), which were within the range of previously reported values t Saito, Zhang, & Yanagawa, 2015) . The firing rate was increased in 8 neurons (122%-174% of the control) and decreased in 8 neurons (12%-76% of the control). Notably, the spontaneous discharge of the other 8 neurons was completely blocked by ATP application (open circles in Figures 1c,d , and 2b2). We examined whether the ATP-induced increase or decrease in the firing rate was related to the firing rate before the ATP application ( Figure 1c ). When the changes in the firing rate were separated into an increase (>100%, black filled symbols), decrease (<100%, gray filled symbols), and decrease to zero (open symbols) groups, the firing rate before the ATP application in the decrease to zero group (5.1 ± 2.9 Hz, n = 8) was significantly less than the firing rate in the increase (11.6 ± 6.4 Hz, n = 8, p = 0.049) and decrease groups (12.5 ± 4.9 Hz, n = 8, p = 0.024)
[F (2,21) = 5.39, p = 0.013] (Figure 1c2 ). However, the firing rate was not significantly different between the increase and the decrease groups (p = 0.94). When the time to peak effects of ATP on the firing rate was compared in the three groups (Figure 1d ), the time to peak in the decrease group (7.5 ± 1.2 min, n = 8) was longer than in the increase group (2.7 ± 1.7 min, n = 8, p < 0.0001) and the decrease to zero group (2.5 ± 1.1 min, n = 8, p < 0.0001) [F (2,21) = 35.01, p < 0.0001] (Figure 1d2 ). The time to peak in the increase group was not significantly different from that in the decrease to zero group (p = 0.96).
To confirm that the change in the firing rate was not a side effect of the high concentration of ATP, we investigated Relationships between the change in the firing rate and the spontaneous firing rate before ATP application (c1) and between the change and the time to peak effect of ATP on the firing rate (d1). The ordinate indicates the ratio (percentage) of the firing rate in the presence of ATP to that in the control. (c2 and d2) Comparison of the spontaneous firing rate (c2) and the time to peak (d2) in neurons that exhibited an increase, decrease, and decrease to zero in the firing rate. Black filled, gray filled, and open symbols indicates the neurons that exhibited the increase, decrease, and decrease to zero, respectively. Asterisks indicate significant differences between groups (**p < 0.01; *p < 0.05) | SUGIOKA And SAITO the effect of the different concentrations of ATP on the firings. Figure 2a1 shows a neuron that exhibited a decrease in the firing rate with an increase in ATP concentration. The neurons tested exhibited an increase (n = 3) or decrease (n = 6) in the firing rate by ATP in a dose-dependent manner (Figure 2a2 filled circles) . In all neurons that exhibited F I G U R E 2 Relationship between the concentration of ATP and the spontaneous firing rate. (a1 and b1), Spontaneous firing of two PHN neurons in the presence of different concentrations of ATP. "Control" and "Wash" indicate before ATP application and after termination of ATP application, respectively. (a2 and b2) Percentage of the firing rate in the presence of the different concentrations of ATP. The firing rate in the control solution was set to 100%. The filled circles connected by a line were obtained from individual neurons (a, n = 9; b, n = 6). The open circles indicate the data that were obtained from individual neurons in which the firing rate was tested with only application of 500 μM ATP (a, n = 16; b, n = 8). The gray filled circles connected by gray lines in a2 and b2 correspond to a1 and b1, respectively a complete block of the discharge by ATP (n = 6), the spontaneous discharge disappeared at a concentration of 100 μM ATP (Figure 2b1 ,b2 filled circles). These results indicate that ATP indeed affects the spontaneous firing rate of PHN neurons.
| Current responses to ATP
To clarify the mechanisms of the ATP effects on PHN neuronal activity, we investigated current responses to a local application of ATP. The local application of 1 mM ATP to the somata of recorded neurons-induced current responses, which were classified into three types: a fast inward (FI) current (Figure 3a1, arrow) , a slow inward (SI) current (Figure 3b1, arrow) , and a slow outward (SO) current (Figure 3c1, arrow) , according to the time to the peak of the currents (FI = 1.9 ± 0.1 ms, n = 14; SI = 3.1 ± 0.4 ms, n = 6; SO = 6.3 ± 1.1 ms, n = 7, Figure 3d ). Of the 18 PHN neurons tested in this study, 10 neurons showed one current type alone (8 FI; 1 SI; 1 SO), and 8 neurons showed a combination of two or three types (2 FI and SI; 2 FI and SO; 2 SI and SO; 2 FI, SI, and SO). When 100 μM suramin, a P2 receptor antagonist, was applied, the FI current was mostly abolished but the SI and SO currents were not affected (red traces in Figure 3a1,b1,c1) . Comparisons of the amplitude of the FI (n = 14, Figure 3a2 ), the SI (n = 6, Figure 3b2) , and the SO (n = 7, Figure 3c2 ) currents before and during the application of suramin revealed a significant suramininduced decrease in the FI current (p = 0.001, Wilcoxon signed-rank test), whereas the SI and the SO currents were not significantly altered (SI, p = 0.75; SO, p = 0.24, paired t-test). When the percent reduction in the amplitude induced by suramin was compared with the three types of currents (Figure 3e) , the reduction in the FI currents was significantly larger than that of the other two types (FI vs. SI, p < 0.0001; FI vs. SO, p < 0.0001) [F (2,24) = 45.02, p < 0.0001]. The percent reduction was not significantly different between the SI and SO currents (p = 0.96). These findings indicate that the FI current is mediated by suramin-sensitive P2 receptors.
At present, the antagonists of P2 receptor subtypes are insufficient to clarify the subtypes because of the low specificity for the P2X and P2Y receptor subtypes (Burnstock, 2012) . Therefore, to determine the approximate subtypes of P2X and P2Y receptors, we investigated the effects of their agonists on ATP responses. When 1 mM 2-meSATP, which is an agonist for specific P2X and P2Y receptor subtypes (see the Materials and Methods), was applied to a PHN neuron that exhibited FI and the SI currents in response to ATP (Figure 4a1 , gray trace), the FI currents in addition to the SI currents were observed (Figure 4a1, black currents induced by 2-meSATP was not significantly different from that of the ATP-induced FI currents (n = 11, p = 0.15, Wilcoxon signed-rank test, Figure 4a2 ). However, when 1 mM α,β-meATP, which is an agonist for specific P2X receptor subtypes (see the Materials and Methods), was applied to a PHN neuron that exhibited the FI current and a small SI current in response to ATP (Figure 4b1 , gray trace), the FI current was rarely observed (Figure 4b1 , black trace). The FI current induced by α,β-meATP was significantly smaller than the ATP-induced FI current (n = 9, p = 0.0077, Wilcoxon signed-rank test, Figure 4b2 ). These results suggest that the FI current is mediated via 2-meSATP-sensitive P2X receptors. When 1 mM 2-meSADP, which is an agonist for specific P2Y receptor subtypes (see the Materials and Methods), was applied to a PHN neuron that exhibited the SI current in response to ATP (Figure 4c1 , gray trace), the SI current was observed (Figure 4c1, black trace) . The amplitude of the SI currents induced by 2-meSADP was not significantly different from that of the ATP-induced FI currents (n = 7, t (6) = −0.374, p = 0.73, paired t-test, Figure 4c2 ). In contrast, when 1 mM UTP, which is an agonist for other specific P2Y receptor subtypes (see the Materials and Methods), was applied to a PHN neuron that exhibited the SI current in addition to the FI current by ATP (Figure 4d1 , gray trace), no current was observed (Figure 4d1, black trace) . The amplitude of the SI currents induced by UTP was significantly smaller than he ATP-induced FI currents (n = 8, p = 0.012, Wilcoxon signed-rank test, Figure 4d2 ). These results suggest that the SI current is mediated via 2-meSADP-sensitive P2Y receptors.
We did not observe any SO currents when the P2X and P2Y agonists were applied to PHN neurons. ATP is extracellularly converted into adenosine by ectonucleotidases (Cunha, Sebastião, & Ribeiro, 1998; Dunwiddie, Diao, & Proctor, 1997; Dunwiddie & Masino, 2001; Kawamura, Gachet, Inoue, & Kato, 2004) . Adenosine activates adenosine receptors (P1 receptors), G-protein-coupled receptors that comprise four subtypes (A 1 , A 2A , A 2B , A 3 ) (Fredholm, IJzerman, Jacobson, Linden, & Müller, 2011) . Indeed, an in situ hybridization study detected the expression of A 1 receptors in the PHN (Reppert, Weaver, Stehle, & Rivkees, 1991) . Therefore, it is possible that the SO currents are mediated via P1 receptors, which are activated by the converted adenosine. We next examined whether the application of adenosine induced current responses in PHN neurons.
| Responses to adenosine
When 1 mM adenosine was applied to a PHN neuron that exhibited a SO current to ATP (Figure 5a1 , gray trace), an SO current was observed (Figure 5a1 , black trace). The SO current that was induced by both ATP and adenosine was observed in 6 PHN neurons. Moreover, the adenosine-induced SO current was also observed in 4 PHN neurons that exhibited the FI and SI currents by ATP (Figure 5a2 ). One PHN neuron that exhibited an adenosine-induced SI current was found (data not shown). These findings suggest that the SO currents in PHN neurons are mostly induced by adenosine, although adenosine can induce inward currents in some PHN neurons. To determine the involvement of P1 receptors in the current responses, we examined the effects of DPCPX (1 μM), which is an antagonist of A 1 subtypes of P1 receptors, on the adenosine-induced SO currents. The SO current was mostly abolished by the application of DPCPX (Figure 5b1 ). The amplitude of the SO currents in the presence of DPCPX (0.2 ± 0.3 pA, n = 6) was significantly smaller than that of the SO currents in the control solution (19.8 ± 15.9 pA, p = 0.028, Wilcoxon signed-rank test, Figure 5b2 ). This result suggests that the SO current is mostly mediated by P1 receptors. We finally examined whether adenosine also affected spontaneous discharge in PHN neurons. Figure 5c1 shows the spontaneous discharge of a PHN neuron. The application of 100 μM adenosine completely blocked the spontaneous discharge, which was also completely blocked by ATP. We tested the effect of adenosine on the spontaneous firing rate in 19 PHN neurons. Adenosine decreased (n = 13) or completely blocked (n = 6) the firing rate of PHN neurons (Figure 5c2 ). These results confirmed the effects of adenosine that may be converted from ATP on the spontaneous discharge of PHN neurons. Although the time to the peak decrease in the firing rate induced by ATP was significantly longer than the increase (Figure 1d2 ), the time to the peak decrease induced by adenosine appeared to be shorter. Therefore, we compared the time to the peak decrease induced by ATP (n = 8), increase induced by ATP (n = 8), and decrease induced by adenosine (n = 13). The time to the peak decrease induced by adenosine (2.3 ± 0.8 min) was significantly shorter than the decrease induced by ATP (7.5 ± 1.2 min, <0.0001), but was not significantly different from the increase induced by ATP (2.7 ± 1.7 min, p = 0.79) [F (2,26) = 74.16, p < 0.0001].
| DISCUSSION
In this study, we first demonstrated the presence of functional purinoceptors in PHN neurons. The agonists of P2X and P2Y receptors and adenosine mostly induced FI, SI, and SO currents, respectively. The spontaneous firing of PHN neurons was modulated by ATP and adenosine. These results support purinergic modulations of the activities of PHN neurons.
| Purinergic receptors in PHN neurons
The presence of ATP P2X receptors and adenosine A 1 receptors in the PHN was reported in previous immunohistochemical (Yao et al., 2000) and in situ hybridization studies (Reppert et al., 1991) , respectively. Our present study confirmed that functional purinoceptors are expressed in PHN neurons. The application of ATP induced three types of current responses, namely, two inward (FI and SI) currents with different kinetics and an outward (SO) current. The FI current was also induced by 2-meSATP, but was not induced by α,β-meATP. In P2X receptors, 2-meSATP activates P2X 1 , P2X 2 , P2X 3 , and P2X 5 receptors whereas α,β-meATP activates P2X 1 , P2X 3 , and P2X 4 receptors. In addition, the FI current was abolished by suramin, which antagonizes P2X 2 and P2X 5 receptors. These results suggest that the FI current is mediated via P2X 2 and/or P2X 5 receptors. The slow kinetics of the SI current suggests that the current was induced by the activation of metabotropic P2Y receptors. Indeed, the SI current was induced by 2-meSATP and 2-meSADP but was not induced by UTP. Notably, 2-meSATP activates P2Y 1 and P2Y 13 receptors, 2-meSADP activates P2Y 1 , P2Y 12 , and P2Y 13 receptors, and UTP activates P2Y 2 , P2Y 4 , and P2Y 6 receptors. The SI current was not affected by suramin, which antagonizes P2Y 2 , P2Y 4 , and P2Y 11 receptors. These results suggest that the SI current is mediated via P2Y 1 and/or P2Y 13 receptors. However, the finding that some 2-meSADP-induced currents were larger than the ATP-induced currents (Figure 4c ) suggests that P2Y 12 receptors also participate in producing some of the SI currents. Because P2X 2 , P2X 4 , P2X 6 , and P2Y 1 receptors appear to be predominant neuronal types in P2 receptors (Illes & Ribeiro, 2004) , P2X 2 and P2Y 1 receptors likely participate in the FI and SI currents observed in PHN neurons, respectively. The findings that the SO current was induced by adenosine and abolished by DPCPX strongly suggest that the SO current is mediated via adenosine A 1 receptors. Adenosine is usually formed intracellularly from the degradation of AMP or extracellularly through the metabolism of released nucleotides by ectonucleotidases such as ecto-5′-nucleotidase (Latini & Pedata, 2001 ). Our present findings indicate that adenosine also modulates the activity of PHN neurons.
| Contribution of ATP to neuronal activity
Bath application of ATP increased or decreased the spontaneous firing rate of PHN neurons, indicating that ATP modulates the tonic activity of PHN neurons. Because their tonic activity is relevant to the eye position, the bidirectional responses to ATP suggests that ATP tunes the eye position. The analysis of the relationship between the firing rate before ATP application and the effects of ATP on the firing rate revealed that the firing rate of neurons that exhibited a decrease to zero was significantly smaller than the firing rate of neurons that exhibited an increase or decrease (Figure 1c2 ). Although we did not identify the neuronal types in this study, PHN neurons that exhibit a firing pattern with few spikes during the 400-ms current injection show a low spontaneous firing rate (Saito, Sugimura, & Yanagawa, 2017; Saito et al., 2015; Shino, Ozawa, Furuya, & Saito, 2008; Shino et al., 2011; Zhang et al., 2014) . Therefore, ATP may completely inhibit the firing of this type of PHN neuron.
The ATP-induced modulation of the firing rate may occur by the activation of the P2X, P2Y, and/or P1 receptors expressed in PHN neurons. Of 16 PHN neurons tested using different concentrations of ATP, 13 showed a decrease in the firing rate or a complete block of the discharge by ATP. Even when the test was performed using a high concentration of ATP, two-thirds of PHN neurons (16/24) showed a decrease or a block of the discharge. The fact that the decrease in the firing rate in response to ATP was frequently observed in PHN neurons suggests that a majority of PHN neurons show the outward (SO) current mediated via P1 receptors. However, the current responses to ATP revealed that the SO current was observed in approximately one-third of PHN neurons tested (7/18), whereas the inward currents including the FI current (FI alone or FI plus SI), were frequently observed in the neurons (10/18). Therefore, it is possible that a substantial number of PHN neurons that show the inward current response to ATP decrease the spontaneous firing rate by ATP. The decrease in the firing rate was not attributed to a fatigue caused by repetitive firings during the recording because the firing rate was completely or partially restored after washout of ATP (Figures 1 and 2) (Saito, Shino, & Yanagawa, 2012; Saito, Takazawa, & Ozawa, 2008; Saito & Yanagawa, 2013; Shino et al., 2008) . P2 receptors are present at the presynaptic membrane as well as at the postsynaptic membrane, and presynaptic P2 receptors modulate neurotransmitter release of neurons (Khakh & Henderson, 1998) . Most PHN neurons show spontaneous IPSCs that comprise GABA A receptor-mediated currents (Zhang et al., 2014) . Therefore, if presynaptic P2 receptors are expressed in inhibitory PHN neurons, facilitation of GABA release by ATP, which has been reported in GABAergic neurons in the spinal cord (Hugel & Schlichter, 2000) , can decrease the spontaneous firing of neurons. These scenarios can explain the decrease in the firing rate of PHN neurons even if they show the inward current by ATP. The time to peak decrease induced by ATP was significantly longer than the increase induced by ATP (Figure 1d2 ). The longer time to peak induced by ATP may be explained by the activation of Ca
2+
-dependent K + channels that were activated by Ca 2+ influx through P2X receptors and/or the facilitation of GABA release by ATP. However, the time to peak decrease induced by adenosine was not significantly different from the increase induced by ATP. The application of ATP induced both inward and outward currents (Figure 3 ), whereas the application of adenosine mainly induced outward currents ( Figure 5 ). Therefore, in some neurons that exhibit a decrease in the firing rate in response to ATP, both outward and inward currents may be induced by ATP and compete with each other for a moment. If this hypothesis is true, these neurons may express both P2 receptors that induce inward currents and P1 receptors that induce outward currents. The source of purinergic inputs has not been determined in PHN circuitry. In general, ATP is co-released with neurotransmitters such as glutamate, GABA, ACh, and other transmitters (Burnstock, 2007 (Burnstock, , 2012 , although ATP has been reported to be released alone (Pankratov, Lalo, Verkhratsky, & North, 2006 , 2007 . In the networks involved in the neural integrator, PHN neurons receive glutamatergic inputs from the premotor areas such as the paramedian pontine reticular formation (PPRF) and vestibular nuclei (VN), which send burst signals proportional to eye velocity (Iwasaki, Kani, & Maeda, 1999; McCrea, 1988; McCrea & Horn, 2006) . They also receive GABAergic/glycinergic inputs from the contralateral PHN, which participate in positive-feedback excitation through mutual inhibition between the bilateral integrator regions (Aksay, Baker, Seung, & Tank, 2003; Aksay et al., 2007; McCrea & Horn, 2006 McCarley, 1990; Iwasaki et al., 1999; McCrea & Horn, 2006; Navarro-López et al., 2004) , which modify PHN neural activity. Therefore, clarifying the source of purinergic inputs can determine where purinergic modulations occur in the integrator networks. ATP is also released through nonvesicular release, which occurs through volume-activated anion channels that are activated by axonal displacement induced by repetitive axonal firings (Fields, 2011) . Because the neural integrator receives the burst inputs from the PPRF and VN, the afferents from these brain regions can participate in ATP release if nonvesicular release occurs. Although ATP is used to promote glial cell-glial cell communication and control many pathological reactions of glia, the ATP that is released from glia modulates neuron-glia interactions and regulates the excitability of neurons (Abbracchio et al., 2009; Burnstock, 2006; Fields & Burnstock, 2006) . Therefore, glia cells should also be considered as a candidate source of ATP that regulates the activity of PHN neurons.
